Theoretical investigation of an all-normal-dispersion mode-locked Tm-laser based on dispersion shifted GeO 2 -doped SiO 2 -fiber, demonstrates its energy scalability opening a road for material processing applications.
Introduction
The ultrashort pulse fiber laser technology has evolved rapidly in the last years and is stepping now into such applications as optical coherence tomography, micro-machining and fundamental physics of light-matter interaction at unprecedented intensity level and time scale. A lot of attention in the last couple of years is drawn towards development of high-energy Tm-fiber lasers, operating around 2 Pm, being the most attractive wavelength region from the point of view of applications, where PJ to mJ pulse energies are typically required. Such energy frontiers are typically achievable by the chirped pulse amplification outside an oscillator [1] . However, our road is differentit is the road to the direct PJ femtosecond pulse generation without the need of external amplification by operating in the normal dispersion regime (NDR). This radically different from traditional soliton formation mechanism has demonstrated its energy scalability potential [2] and has been experimentally verified in both, solid-state [3, 4, 5] , where sub-and over-PJ pulse energies have been achieved, as well as Yb-fiber lasers at 1 Pm [6] , where sub-PJ pulse energies have been achieved, as well.
The advantages of fiber lasers operating in the NDR are their high gain per pass, excellent thermo-optical properties, integrated-optical structure, and, as a result of latter, high mechanical stability. As will be shown in this article, their decisive advantage is almost perfect energy scalability, which is feasible by a simple scaling of fiber length, mode area, and dispersion. Extension of this technology towards 2 Pm would certainly be a leap forward and open ways towards high energy pulsed sources for 3D-semiconductor material processing, frequency combs for Fourier Transform Spectroscopy [15] , LIDARs and other exciting applications.
Most of existing energy scaling approached in Tm-fiber systems utilizes fiber nonlinearity to induce additional spectral components via self-phase modulation [7] [8] [9] . Nonlinear spectral broadening during amplification allows for the generation of even shorter pulses than delivered by the seed source, but limits the maximum pulse energy, as the pulses break up due to the excessive nonlinearity. In order to overcome the detrimental effect of fiber nonlinearity, the authors of [10] have applied chirping of the pulses before amplification. This concept has allowed obtaining the highest up to now pulse energies from the Tm-fiber amplifiers of up to 100 nJ [10] .
In this work we investigate feasibility of obtaining ultrahort pulses and subsequent pulse energy scaling of Tmfiber laser systems in the NDR similar to that reported in [6] for Yb-fiber lasers. We find that the use of nonlinear dispersion shifted Tm-doped germanate fiber as the one described in [11] , can lead to the pulse energy scaling based on the simple analytical scaling rules. This opens up new avenues for semiconductor material processing, and in particular for 3D-volume microstructuring of silicon as first reported in [12] . In the latter paper the authors used nonlinear parametric source at 2.3 Pm for inscription of buried waveguides in silicon. An all-fiber Tm-doped germanate-fiber laser [11] would make a much simpler and cost-effective alternative to the source reported in [12] .
Results and discussion
The model of pulse energy scalability is based on the approximated analytical solution of the generalized complex nonlinear Ginzburg-Landau equation [13, 14] . Let us assume that the mode-locking is provided by a SESAM and the pulse width is much larger than the SESAM relaxation time T r . This assumption is valid in the normal dispersion regime (NDR), where the pulse widths >1 ps. Then, the approximated scaling rule can be formulated in the limit of (1) or in the limit of ao1 (i.e. E §D) as follows:
Here E is the pulse energy, E s is the saturation fluency of SESAM, D is the squared inverse bandwidth of a spectral filter, n 2 is the index of nonlinear refraction, Z is the central generation frequency, A eff is the effective mode area, E is the GDD coefficient, c is the light speed, L is the fiber length. 8 and 6 are the constants depending on the SESAM modulation depth P.
Both (1) and (2) demonstrate that the pulse energy scales linearly with the fiber length and the mode area. One has to note that, in the anomalous dispersion regime, the scaling law is (1)). Thus, the dispersion values can be moderate in the NDR. This is an advantage, because just mode squeezing shifts the zero-dispersion wavelength into mid-IR, i.e. provides the normal dispersion within a generation region. But, since EvA eff , a substantial mode squeezing is undesirable. Another advantage is that the energy scaling enhances with a shift in mid-IR (i.e. with the Z-decrease). Also, one has to note that the SESAM parameters E s and T r do not contribute into the scaling law in the limit of (1). Now let us apply the above presented sketch to a Tm-doped GeO 2 /SiO 2 fiber laser. Fig. 1 shows the dispersion curves for the different sizes and shapes of the GeO 2 -kern illustrated by Fig. 2 . One can see that the normal dispersions can be created at the generation wavelength (1.85 Pm) by appropriate manipulations with the fiber kern.
The dispersion values vary within sufficiently broad range and the contribution of higher-order dispersion can be suppressed (curves 3, 4). The corresponding mode areas are: 6.7 Pm 2 (1), 6.4 (2), 7.7 (3), 6.1 (4), 18.6 (5), 11.8 (6). The laser parameters corresponding to the stable pulses can be found from Eqs. (1,2) , which form jointly the socalled master diagram shown in Fig. 3 . The points correspond to the values of dispersion and mode area in Fig. 1 and the fiber length of 5 m. The output energies are inscribed. These values can be considered as the reference ones OSA / FILAS 2011 FThE13.pdf for the fiber length scaling (EvL). The further advancement can be achieved by the dispersion growth (EvE ). As Fig. 2 testifies, this task is achievable as a result of the fiber geometry optimization. The possible road in this direction is a utilization of micro-structured fibers. The latter would allow the mode area increase, as well (EvA eff ). Moreover, the decrease of spectral filter bandwidth results in the energy growth v1/D . As a result, the GDD and the geometry corresponding to curves 6 in Figs. 1, 2 would provide the energy of 360 nJ for 25 nm filter bandwidth and 6 MHz pulse repetition rate in accordance with Fig. 3 and the scaling rule (1). 
Conclusions
The analysis of dispersion of a GeO 2 -doped dispersion shifted SiO 2 -fiber demonstrates that the NDR and, thereby, the pulse energy scaling are feasible for a Tm-laser based on such a fiber. The simple analytical rules for a pulse energy scaling are obtained: the energy scales linearly with fiber length and mode area, as well as quadratic with dispersion. The last two parameters can be controlled by the fiber core handling. As a result, for the first time the PJ pulse energy frontier becomes reachable for a Tm-fiber laser operating around 2 Pm.
